Abstract-Ankle-foot orthoses (AFOs) are intended to improve toe clearance during swing and ankle position at initial contact (IC) and midstance. Changes that lead to improved ankle-foot kinematics may result in a more biomimetic rollover shape (ROS). ROS is the effective geometry to which the ankle-foot complex conforms between IC and contralateral IC. An effective ROS during gait may facilitate forward progression. This study investigated the effect of an AFO on ROS in adults with hemiplegia following stroke. Kinematic and force data were recorded from 13 people with hemiplegia and 12 controls. Hemiplegic subjects walked at a self-selected speed with and without an articulated AFO with plantar flexion stop. For the involved limb, the AFO significantly increased the ROS arc length (from 32.6% to 55.7% of foot length [FL]) and arc radius (67.4% to 139.3% of FL) and significantly altered the sagittal plane location of the first center of pressure (COP) point, moving it posterior to the ankle center (-1.2% to -20% of FL) (p < 0.002 for all comparisons). However, when hemiplegic patients walked with an AFO, their mean arc radius was greater, mean arc length less, and the first COP point further posterior than those of control subjects.
INTRODUCTION
Hemiplegic gait is characterized by slow, labored, and uncoordinated limb movements [1] . Variability in area of lesion, degree of pathology, and period of recovery contributes to differences in gait among people with hemiplegia. Residual muscle weakness, abnormal movement synergies, and spasticity result in altered gait patterns and contribute to poor balance, greater risk of falling, and increased energy expenditure during walking [2] . People with hemiplegia have poor single-limb balance and difficulty controlling forward progression [3] . Their gait is asymmetrical with significantly reduced involved lowerlimb range of motion (ROM) and walking speed. Gait changes from those of nondisabled persons walking at self-selected speeds result not only from the inability to selectively control movement but also from the slow speed of movement. Limited hip, knee, and ankle motion resulting in a stiff-legged gait is frequently reported. An equinovarus deformity is often present and compromises heel strike when the person is walking [4] .
Perry described normal function of the foot and ankle as the combination of three sequential rockers: the heel, ankle, and forefoot [5] . She suggested that during the stance phase of nondisabled subjects, progression over the supporting foot is assisted by these three rockers. Roll-over shape (ROS) is defined as the effective geometry to which the ankle-foot complex conforms between initial contact and opposite initial contact [6] and represents the integrated effect of the ankle-foot rockers described by Perry [5] that occurs during the same period. Research has shown that the ankle-foot complex of nondisabled persons creates an effective ROS during normal gait that is essentially invariant to added weight to the torso, walking speed, and footwear [6] [7] [8] .
When pathologies such as hemiplegia are present, ankle-foot function is disrupted and an ankle-foot orthosis (AFO) may be worn in an attempt to restore function. AFOs have been reported to improve toe clearance during swing and ankle position at initial contact (IC) [4, [9] [10] . Other reports have suggested possible influences of an AFO on the knee [11] [12] [13] [14] [15] [16] . Improved anklefoot kinematics may also result in a more biomimetic ROS. Obtaining a particular ROS seems desirable as a goal since the nondisabled ankle-foot complex adapts to various conditions, such as walking speed, to maintain a consistent ROS radius and orientation. For hemiplegic subjects, use of an AFO may increase center of pressure (COP) excursion and also improve the ROS, i.e., making ROS more closely resemble that of nondisabled subjects. An effective ROS during gait may facilitate forward progression [17] . This study investigated the effect of an AFO on ROS in adults with hemiplegia following stroke.
METHODS
We initially assessed all participants with hemiplegia by documenting passive ankle ROM using a goniometer while the subject lay supine with the knee flexed and then extended. Subjects were then cast by a qualified orthotist for a custom, thermoplastic, articulated AFO with 90°p lantar flexion stop, free dorsiflexion, and full-length foot plate (Figure 1) . All AFOs were fabricated with 3/16 in. polypropylene and Tamarack Flexure Joints (Becker Orthopedic, Troy, Michigan). A dorsal ankle strap was attached to the AFO when needed on the basis of clinical judgment. The impression was taken with the ankle in a neutral position; i.e., with the tibia and foot aligned at a 90° angle. Footwear was standardized for subjects with hemiplegia, with each participant receiving a pair of extra-depth leather shoes (PW Minor & Son, Inc, Batavia, New York) with a 1.1 cm heel-to-forefoot sole thickness difference. The shoes had the effect of anteriorly tilting the tibia in the AFO approximately 5° from the vertical when the plantar flexion stop was maximally engaged. Subjects were allowed 2 weeks of accommodation to the orthosis prior to data collection.
We acquired all gait data at the Department of Veterans Affairs (VA) Chicago Motion Analysis Research Laboratory (VACMARL), which is equipped with an eightcamera real-time motion capture system (Motion Analysis Corporation, Santa Rosa, California) recording kinematic data at 120 Hz and six force-plates (Advanced Mechanical Technology, Inc, Watertown, Massachusetts) embedded flush in the floor of a 10 m walkway and recording ground reaction forces (GRFs) at 960 Hz. We then resampled force data at 120 Hz (by taking every eighth data point) to synchronize with the motion data. During the gait analyses, reflective markers were taped to the skin over palpable anatomic landmarks. We used the Helen Hayes marker set, which allowed us to acquire three-dimensional (3-D) data from the pelvis and both lower limbs. Retroreflective surface markers were located on the shoe over the dorsum of the foot at the level of the third metatarsal phalangeal joint, on the shoe over the posterior calcaneus, lateral malleoli, lateral epicondyles of the knees; on right and left anterior superior iliac spines; and on the sacrum midway between the posterior superior iliac spines. Wand markers were placed on the lateral aspects of the thigh and calf. When used, the AFO obscured the landmarks required for estimation of the physiologic ankle joint axis. Because of this constraint, markers were screwed into the mechanical anklejoint of the AFO (Figure 1) . We placed the calcaneal marker 1 cm higher than the toe marker with respect to the ground to account for the difference in the heel and forefoot sole thickness of the shoe. For consistency, the same laboratory personnel placed all markers on subjects on all occasions.
The Northwestern University Institutional Review Board approved this study and informed consent was obtained from each individual prior to their participation. Subjects, using the same shoes, walked at their normal self-selected speed with and without the custom AFO. Trials were collected until three clean force plate strikes (defined as a single foot in contact with the force plate and entirely within the force-plate boundaries) were recorded for each foot. We used EVa RealTime software (Motion Analysis Corporation) to determine the 3-D position of each marker relative to the laboratory coordinate system during each frame of each trial. The raw coordinate data were filtered with a Butterworth second-order bidirectional low-pass filter with an effective cutoff frequency of 6 Hz, as suggested by Winter [18] .
We found ankle-foot ROS by transforming the COP of the ground GRF into a shank-based coordinate system. Previous studies measuring nondisabled persons' ROS used only sagittal plane marker data to construct the shank-based coordinate system. These previous calculations of ROS also transformed only the sagittal plane components of the COP of the GRF into this planar shank-based coordinate system [6] . The use of only sagittal plane data when studying nondisabled subjects seems justified since the majority of the movement is in this plane. However, in gait of disabled persons, movements in other planes are often more pronounced. For this reason, a 3-D technique was used to describe the shankbased coordinate system and the 3-D coordinates of the COP were transformed into this system.
We created the shank coordinate system for this study using the lateral ankle marker, a virtual marker at the ankle center, and a virtual marker at the knee center. The virtual markers at the ankle and knee centers were calculated with Orthotrak software (Motion Analysis Corporation) based on a static data collection file that also included markers on the medial malleoli (or medial AFO ankle joint) and medial epicondyles of the knee. The shank-based coordinate system was created as follows: a unit vector (v1) was constructed between the ankle center and the lateral ankle marker. A second unit vector (v2) was constructed between the ankle center and the knee center. When calculating ROS for the left side, we created a third unit vector (v3) by normalizing the cross product of v1 and v2. For the right side, we created the v3 by normalizing the cross product of v2 and v1. Finally, we created a fourth unit vector (v4) by normalizing the cross product of v2 and v3. The shank-based coordinate system was created with v3 as the x-axis, v4 as the y-axis, and v2 as the z-axis. A homogeneous transformation matrix was created with the virtual ankle center marker as the origin for the shank-based coordinate system. For each frame of data, the shank-based coordinate system was created and the COP location was transformed from the laboratorybased coordinate system into the shank-based coordinate system. The ankle-foot ROS for this study was defined as the projection of the COP onto the shank-based x-z plane, measured between initial contact (specifically, the first reliable COP measurement immediately following initial contact) and opposite initial contact. Each measured ROS was fitted with the equation for the lower arc of a circle as described previously [6] . Specific parameters examined in this study included the radius and arc length of the best-fit circular arc. Finally, the x-value (in shank-based coordinates) of the first reliable COP point was analyzed as a measure of the anterior location of this point with respect to the ankle center. Henceforth, this point is referred to simply as "the first COP point."
Given the very small sample size, assessing with any confidence that the target population was normally distributed was difficult. Statistical analysis indicated that some variables lacked homogeneity of variance (tested with the Levene statistic: ankle angle at midswing and arc radius, p = 0.015 and p = 0.023, respectively) and were not normally distributed (tested with the ShapiroWilks test: No AFO ankle angle at IC and AFO ROS arc radius, p = 0.044 and p = 0.005, respectively). Hence, we approached statistical analyses conservatively and used nonparametric tests. Medians for temporospatial, kinematic, and ROS data are presented, along with first and third quartiles. We used Mann-Whitney tests to compare independent groups (e.g., subjects with hemiplegia with and without AFO vs control subjects) with Bonferroni-adjusted significance level set at α ≤ 0.025. We used Wilcoxon signed-rank tests to compare dependent groups (No AFO vs AFO) with significance set at α ≤ 0.05.
RESULTS
The 13 subjects with hemiplegia ranged in age from 43 to 66 years (mean ± standard deviation 51.5 ± 6.8 years) with a mean time since stroke of 8.2 ± 4.5 years. Six were female and seven were male; three had right hemiplegia and ten had left hemiplegia. Three additional hemiplegic subjects were excluded because their ROS could not be fit accurately with the lower arc of a circle. ROS for these subjects was more closely represented by the upper arc of a circle (i.e., they were concave down), causing our fitting routine to indicate negative radii. Control subjects had a mean age of 57.1 ± 8.5 years, with four females and eight males. Table 1 is a summary of data on the subjects with hemiplegia, including clinical examination results. Data are absent for one subject who declined to participate in this part of the evaluation. Clinical examination results suggested that all subjects with hemiplegia had some gastrocnemius tightness, because all were unable reach a neutral ankle position on passive manipulation of the involved ankle with the knee extended. However, gait data (specifically maximum dorsiflexion during stance) indicated that only one subject lacked dorsiflexion ROM. Table 2 summarizes the temporospatial, kinematic, and ROS results.
For normal self-selected walking speed and regardless of AFO use, control subjects walked significantly faster than the hemiplegic subjects (p < 0.001) (Figure 2(a) ). However, compared to the hemiplegic subjects normal speed, no significant difference was noted in walking speed when control subjects walked at a very slow self-selected walking speed (p = 0.852 without AFO and p = 0.538 with AFO). Since kinematic and kinetic data are affected by speed, a speed-matched comparison (i.e., normal walking speed for the hemiplegic subjects and very slow walking speed for the control subjects) was used for all subsequent analyses. The normal self-selected walking speed of the hemiplegic subjects walking with and without an AFO was not significantly different (p = 0.507).
At the ankle, the AFO (compared with No AFO) significantly decreased the plantar flexion angle to neutral at initial contact (p = 0.001) and significantly altered the angle at midswing from plantar flexion to slight dorsiflexion (p = 0.012) (Figure 2(b) and (c) ). Compared with control subjects, the ankle of subjects with hemiplegia was significantly more plantar flexed at initial contact and midswing without an AFO (p = 0.001 and p = 0.000, respectively). With an AFO, the ankle was significantly more dorsiflexed at initial contact compared with control subjects (p = 0.005), but no significant difference was found in ankle angle at midswing (p = 0.137).
Without an AFO, median step length was shorter on the sound side compared with the involved side. This asymmetry decreased significantly when an AFO was worn (p = 0.007) because of a significant increase in sound limb step length (p = 0.033 for the sound limb and p = 0.116 for the involved limb) (Figure 3) .
Step width was significantly reduced (p = 0.016) when subjects with hemiplegia used the AFO, although it remained significantly greater than that of control subjects (p = 0.007) (Figure 4) . Bilateral, median ROS for all subjects and each condition are shown in Figure 5 . For the involved limb, use of the AFO (compared with No AFO) significantly increased the ROS arc radius and length (p = 0.001 and p = 0.002, respectively) and significantly altered the sagittal plane location of the first COP point, moving it posterior to the ankle joint center (p = 0.001) (Figure 6(a)  and (b) ). Arc length and arc radius were no different to those of control subjects when subjects with hemiplegia walked with an AFO (p = 0.152 and p = 0.035, respectively). The AFO condition resulted in the first COP point moving posterior to the ankle joint compared with a more anterior position without the AFO. Additionally, the first COP point was located significantly more posterior than that of the control subjects (p = 0.022) (Figure 6(c) ). When walking without an AFO, progression of the COP changed direction twice during midstance. This change of direction was eliminated when the AFO was worn. The AFO resulted in more uniform forward progression of the COP compared with subjects walking without an AFO.
DISCUSSION
The AFO tested in this study improved ROS, resulting in an arc length and radius that were no different from those of control subjects. However, the location of the first COP point was significantly more posterior compared with that of control subjects. When subjects walked without an AFO (shoes only), initial contact by the subjects with hemiplegia was with the entire foot at once, or forefoot first and then the heel, rather than the "heel-toe gait" exhibited by nondisabled ambulators. In this situation, the arc length of the ROS was shortened and the COP point moved back and forth beneath the foot during the first half of stance rather than progressing anteriorly in an uninterrupted manner. When subjects with hemiplegia used the AFO, a perturbation in the COP progression during midstance was still present, although less pronounced, which implies that forward progression of the body over the foot continued to be disrupted despite significant increases in ROS arc length and radius. Although the AFO significantly altered the ankle angle in stance and swing so that it was closer to that of control subjects, it did so by mechanically blocking plantar flexion motion. The disruption in forward progression suggested by motion of the COP may be due to spasticity, inextensibility, and inappropriate activation of the plantar flexors. Clinical examination indicated that all the subjects had some gastrocnemius tightness, but gait data suggested that only one subject lacked dorsiflexion range. However, a number of issues must be considered when comparing these results. The results of passive ROM testing depend on the physical strength of the tester, and the force applied by the tester is likely to be less than that applied by body weight when the subject is walking. The length of time the stretch is applied should also be considered; for example, Hesse et al. used a 10-minute standing test to rule out plantar flexion contracture [4, 19] . In our study, the stretch applied during the passive ROM test was considerably shorter, and apparently the passive ROM test underestimated the actual ankle ROM available to each subject.
Passive ankle ROM measured during the clinical exam and sagittal ankle motion measured by the motion analysis system during walking may not be measuring the same motion. We took care during the clinical exam to ensure that dorsiflexion motion of the anatomical ankle joint was isolated from midfoot motion. However, when subjects with hemiplegia walked without an AFO, markers were placed both on the shoe (toe and calcaneal markers) and on the malleoli. Hence, ankle motion during gait is a combination of anatomical joint motion and any motion between the foot and the shoe. Motion of the midfoot could also have affected the measured dorsiflexion. When subjects walked with an AFO, markers used to measure ankle motion were placed on the anatomical knee joint, orthotic ankle joint, and shoe. In this case, ankle motion during gait is a combination of anatomical motion, motion of the orthosis, and motion between the shoe and AFO.
When subjects used the AFO, the location of the first COP point moved further posterior to the ankle joint center. This result was likely caused by the AFO as it facilitated initial contact with the heel. However, the AFO may have overcorrected the problem. This overcorrection may be due in part to the orthosis severely limiting the plantar flexion that occurs normally during first rocker, causing the subject to initiate contact more posteriorly and to pivot on the heel until the tibia has moved far enough anteriorly to allow the rest of the foot to contact the ground. Additional compliance might be achieved by use of a plantar flexion bumper or a "cushion heel." Either of these components may help move the first point of the COP more anteriorly by allowing some plantar flexion (actual or simulated) in early stance. However, this modification to the design of the AFO needs to be achieved in a way that does not compromise control of the knee, especially where hyperextension may be present. We are not aware of any AFO component or orthotic device currently available that allows plantar flexion during loading response but resists it during midstance (limiting hyperextension of the knee).
Walking is a process of getting from one point to another as safely and efficiently as possible and fast enough for one to function in society. Despite significant increases in ROS arc length and radius with an AFO, we did not see any changes in the subjects' self-selected walking speed. Having a ROS that was closer to normal did not impact their ability to get from one point to another any more quickly. Many factors impact walking speed, including the ability to advance the body over the stance limb, to weight shift quickly and safely from one limb to the other, and to flex the knee at the appropriate time and with adequate velocity and magnitude. Stroke affects all these factors, and they were not necessarily addressed by the AFO design used in this study. These factors may not be influenced by ROS, although the smoothing of the COP progression when the AFO was worn would imply some improvement in forward progression. Improving walking speed may be possible with the use of an AFO designed to improve terminal stance kinematics, especially hip and knee extension. Research has suggested that nonarticulated AFOs with appropriate alignment or an AFO with a dorsiflexion stop might improve walking speed [20] . Investigation of the ROS of other AFO designs is warranted to further explore this issue. Additionally, improvements in ROS resulting from AFO use may have a greater impact in conditions that solely affect the ankle and foot as opposed to a complex pathology such as hemiplegia that affects multiple levels.
The robotics literature suggests that an appropriate ROS may improve stability: Wisse and van Frankenhuyzen showed that a mechanical model with a zero radius rocker could not tolerate disturbances without falling down while mechanical models with rockers could tolerate increasingly larger disturbances as the radius of the rocker increased [21] . If the same relationship is true in humans, then perhaps an appropriate ROS would provide some level of inherent stability during walking.
Step width is often considered clinically as an indicator of stability since step width is associated with the size of the base of support in the coronal plane. In this study, subjects with hemiplegia ambulated with a significantly greater step width than control subjects. Increasing the base of support improves stability by providing a larger zone with respect to which the body center of mass may be located and allow the person to remain upright. Mechanical work is performed to redirect the center of mass during the transition between steps [22] . Donelan et al. reported that the preferred step width in nondisabled humans is 13 percent of leg length and that the mechanical and metabolic costs of walking increase with steps that are both wider and narrower than the preferred step width [23] . Donelan et al. also studied the mechanical and metabolic requirements for active lateral stabilization in human walking by providing external lateral stabilization to walking subjects and reported that external stabilization reduced foot placement variability for both preferred and prescribed step width conditions [24] . They suggested that lateral instability affects the choice of preferred step width. Gabell and Nayak suggested that an increase in mean step width indicates a lack of compensation for disturbances causing instability [25] . Heitmann et al. demonstrated a negative correlation between balance performance and step width means and variability in elderly females [26] . If step width indicates stability, then the significant decrease in step width that occurred when the AFO was worn might suggest improved stability. Further research is required to explore this hypothesis.
ROS provides us with a method to quantify the ankle-foot rockers described by Perry [5] and explore the contribution of ankle-foot function to walking. However, at present some limitations exist to applying the ROS analyses to data from subjects with hemiplegia: our ability to compute meaningful radii and arc lengths is compromised for flat shapes and concave-down shapes (leading to the exclusion of three subjects from this study). The circular arc-fitting routine is meant for the lower arc of a circle and works well for concave-up shapes as found in nondisabled subjects. Flat shapes have an infinite radius and cannot be solved. As currently defined, ROS describes function of the ankle-foot complex only while it is "rolling over" and not when it is being unloaded during the double support phase of terminal stance. Giuliani suggested that the greatest loss of motor control of the hemiplegic limb occurs at phase transitions, such as during the transfer of weight from one limb to the other [1] . For this reason, further investigation of the COP during unloading of the affected limb may be warranted.
CONCLUSIONS
Use of the AFO design tested in this study significantly improved subjects' ROS compared with walking without an AFO, in particular increasing arc radius and length, but did not completely normalize it for the subjects tested, since the location of the first COP point with respect to the ankle center was further posterior than normal. At present, some limitations exist to modeling the ROS of subjects with hemiplegia as the lower arc of a circle since some of the data from hemiplegic subjects cannot be adequately represented by this model (e.g., some of the ROS are concave-down or are flat). Additional investigation is required to see if we can further improve ROS by altering AFO design and allow users to further increase step length and walking speed.
